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Abstract— A reflectarray antenna with improved performance 
is proposed to operate in dual-polarization and transmit-receive 
frequencies in Ku-band for broadcast satellite applications. The 
reflectarray element contains two orthogonal sets of four 
coplanar parallel dipoles printed on two surfaces, each set 
combining lateral and broadside coupling. A 40-cm prototype has 
been designed, manufactured and tested. The lengths of the 
coupled dipoles in the reflectarray cells have been optimized to 
produce a collimated beam in dual polarization in the transmit 
and receive bands. The measured radiation patterns confirm the 
high performance of the antenna in terms of bandwidth (27%), 
low losses and low levels of cross polarization. Some preliminary 
simulations at 11.95 GHz for a 1.2-m antenna with South 
American coverage are presented to show the potential of the 
proposed antenna for spaceborne antennas in Ku-band. 
Index Terms—Reflectarrays, broadband antennas, dipole 
arrays, cross polarization, satellite antennas. 
I. INTRODUCTION 
THE antenna requirements for broadcast and telecommunication satellites are becoming very 
challenging, including well defined contoured beams, 
dual-polarization, transmit-receive (Tx-Rx) operation, and 
high co-polar isolation. Conventional shaped reflectors can 
provide these stringent requirements at the cost of a significant 
mass, volume and mechanical complexity, since either 
Gregorian or dual-gridded configurations are required to 
achieve low cross-polarization requirements [1] (Ch. 12). 
A reflectarray antenna consists of a planar array of 
reflective elements illuminated by a feed (see Fig. 1), where 
the phase-shift introduced by each element is pre-adjusted to 
appropriately shape the beam [2]. In most practical cases, the 
phase adjustment is implemented by printed patches with 
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attached [3] or aperture-coupled delay lines[4]-[6], or by 
using variable size printed elements in one [7]—[11] or several 
layers [12]-[13]. 
Printed reflectarrays show several advantages when 
compared to conventional reflector antennas for space 
applications [14], [1] (Ch. 10). First, contoured beams can be 
easily generated by using a flat reflectarray made of printed 
patches properly optimized [15]—[16]. Second, the mechanical 
design is simplified because it is reduced to a single flat 
sandwich. Third, the manufacturing time and cost are reduced 
due to the elimination of the custom molds required for 
conventional shaped reflectors. Fourth, reflectarrays offer an 
independent phase control on each polarization, which can be 
used to produce a different beam in each polarization [16]-
[17]. Finally, reflectarrays could provide in-flight 
reconfigurability of the coverage [18], provided that 
electronically controllable phase-shifters are included at 
element or sub-array level [19]. 
Although the narrow bandwidth is a severe limitation in 
reflectarray antennas [20], a significant effort has been done in 
the last few years to improve it. Different broadband 
reflectarray elements have been proposed, including stacked 
patches of variable size [12]—[13], aperture coupled elements 
[5], modified Malta crosses [8] and multi resonant elements on 
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a single substrate layer [9]—[11]. In all these configurations, 
the element bandwidth is improved by adding more degrees of 
freedom to control the phase in the reflectarray cell, and by 
adjusting the associated geometrical parameters [21]. 
The use of broadband reflectarray elements is a necessary 
prerequisite but it is not sufficient to design large reflectarrays, 
such as those that are required in space applications. In this 
latter case the different path lengths produce several steps of 
360° in the phase on the reflectarray surface, as discussed in 
[22] and [2] (Ch. 5). This issue is even more significant for 
contoured-beam antennas as demonstrated in [23]. 
Different techniques have been proposed to improve the 
bandwidth in large reflectarrays, such as the use of delay lines 
providing a phase range of several times 360° [24], the use of 
facetted configurations approximating a paraboloid [25]-[26], 
or the use of reflectarray elements that are directly printed on 
a parabolic surface [27]-[28]. Although the faceted or 
parabolic reflectarrays considerably improve the bandwidth, 
the cross-polarization is penalized by the panels' inclination or 
by the offset parabolic surface [28]. Additional optimizations 
would be required to design an antenna for Tx-Rx frequencies 
and to reduce the cross-polarization. 
Another technique to improve the bandwidth in large 
reflectarrays consists of using multi-resonant elements, such 
as three stacked rectangular patches, and optimizing the 
resonant dimensions to compensate for the spatial phase delay 
at several frequencies [29]. This latter reference shows that 
three degrees of freedom (associated to 3 stacked patches) are 
necessary in the optimization process to design a 1 -m antenna 
at Ku-band for a 10% bandwidth. The optimization at several 
frequencies has been applied to design reflectarray antennas 
based on multi-resonant elements, either on a single layer [9] 
or in a stacked configuration [16], up to a 15% bandwidth in 
Ku-band [30]. Recently, a 1.2-meter reflectarray has been 
designed for a DBS mission operating in Tx (11.7-12.2 GHz) 
and Rx (13.75-14.25 GHz) frequency bands to provide a 
South American coverage in dual-linear polarization [31]. The 
results obtained for this prototype show that a reflectarray can 
be designed to fulfill the typical requirements of Tx-Rx DBS 
antennas for the co-polar radiation patterns. However, the 
required level of isolation between orthogonal polarizations in 
contoured beam DBS antennas (typically 30 dB) is hard to be 
achieved with the configuration of stacked patches, 
particularly for a wide contoured beam, as shown in [16]. 
The cross-polarization for contoured-beam reflectarray 
antennas can be reduced by a direct optimization technique as 
proposed in [32], where one geometrical parameter is 
optimized to fulfill the requirements of co- and cross-polar 
radiation patterns at several frequencies. This can be achieved 
either with a single layer of square patches [32], or with 
concentric squared loops and patches [33]. The use of this 
technique has made it possible to achieve a cross-polar 
discrimination (XPD) of 27 dB in a 20% bandwidth. However, 
a reflectarray element with more degrees of freedom in the 
geometry is necessary to simultaneously meet the 
requirements of coverage and cross-polarization in both Tx 
and Rx frequency bands. 
The cross-polarization produced by the reflectarray 
elements can be reduced by using independent dipoles of 
variable size for each polarization [34]-[36]. The broadband 
reflectarray elements based on three coplanar parallel dipoles 
[10] can be used for dual polarization by adding a second 
arrangement of three parallel dipoles, perpendicular to the first 
set of dipoles, as proposed in [36]. The dimensions of the 
parallel dipoles associated to each polarization can be 
independently optimized for bandwidth improvement, as in 
the case of reflectarrays based on stacked patches [29]. 
However, each pair of lateral parallel dipoles should be kept 
identical to preserve symmetry in the reflectarray element, 
which ensures a low cross-polarization. As a result, only two 
degrees of freedom (length of central and lateral dipoles) for 
each polarization can be used in the optimizations, which are 
not enough to design a 1 -m antenna in Ku-band [29]. 
In this paper we investigate several configurations of 
reflectarray elements based on sets of parallel dipoles that 
provide enough degrees of freedom to design high 
performance reflectarray antennas operating in dual-
polarization and Tx-Rx frequencies in Ku-band for 
telecommunications and broadcast satellite applications. A 
new reflectarray element is proposed that provides three 
degrees of freedom for each polarization. This is achieved by 
combining lateral and broadside coupled dipoles in only two 
levels of metallization, which simplifies the manufacturing 
process and reduces the antenna cost. The proposed 
reflectarray element shows a very good performance in Tx and 
Rx frequency bands with very low levels of cross-polarization. 
A 40-cm reflectarray has been designed, manufactured and 
tested. The measured radiation patterns confirm the high 
performance of the antenna in terms of bandwidth, low losses 
and low cross-polarization. Finally, preliminary simulation 
results are presented for a 1.2-m reflectarray antenna, which is 
designed to provide South American coverage at 11.95 GHz. 
Although all the results are presented for Ku-band, the 
proposed configuration can be used to provide around 25% 
bandwidth at other frequencies, by scaling the geometry and 
optimizing the dipole dimensions. 
II. REFLECTARRAY ELEMENT FOR BROADBAND AND LOW 
CROSS-POLARIZATION 
Several reflectarray cells based on sets of parallel dipoles 
for each linear polarization, which include additional laterally 
or broadside coupled parallel dipoles, are studied in order to 
provide more degrees of freedom (i.e. more resonances) that 
will be adjusted during the optimization process. The sets of 
dipoles are perpendicularly oriented to each other. It has been 
checked by e.m. simulations that the cross-polarization 
introduced by this type of reflectarray elements is lower when 
the parallel dipoles are symmetric in the periodic cell, at the 
cost of reducing the degrees of freedom (independent dipole 
lengths). Four coplanar parallel dipoles have not been chosen 
because they only provide 2 optimization variables for each 
polarization in a symmetric configuration, as it happens in the 
case studied in [21] where three parallel dipoles were used. In 
the following, an odd number of laterally coupled dipoles will 
be assumed, the lateral dipoles being symmetric with respect 
to the central dipole, in order to keep low levels of cross-
polarization. 
In the study of the reflectarray, the cells will be assumed to 
be placed in a periodic environment as typically done in the 
analysis and design of a reflectarray antennas [2], [7]. The 
reflectarray cell is characterized by the reflection matrix (R), 
which accounts for the co- and cross-polar reflection 
coefficients for both polarizations. The R matrix relates the 
cartesian complex components of the reflected and incident 
tangential electric field on the reflectarray cell in a periodic 
environment as shown below: 
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The R matrix for the reflectarray elements considered in this 
section are computed with a home-made software based on 
the Method of Moments in the Spectral Domain (MoM-SD) 
[37] with multilayered Green's functions [38], which has 
been validated by comparing their results with those obtained 
with the commercial software CST® [39]. 
The following broadband reflectarray elements are 
designed by properly adjusting the different geometrical 
parameters. First, the period is fixed to allow the maximum 
required dipole lengths and to avoid the appearance of 
grating lobes [2] (p. 84). For each element, a parametric 
study has been carried out by varying the substrate thickness, 
the dipole separations and the relative dipole lengths. 
Commercially available materials have been selected, and 
the thickness and permittivity have been chosen to avoid 
sharp resonances and to provide an appropriate coupling for 
the stacked dipoles. Once the period and lay-up have been 
defined, the relative lengths of the parallel dipoles are 
adjusted for each polarization to properly place the 
resonances (minimum of reflection coefficient) in order to 
provide a smooth and linear phase response in the prescribed 
range of frequencies, as in the case of three parallel dipoles 
[40]. The elements are designed to operate in dual 
polarization in two frequency bands centered at 11.95 GHz 
for Tx and 14.00 GHz for Rx. 
A. Two-Layer Reflectarray Cell with Five Dipoles for Each 
Polarization. 
The first cell includes five parallel dipoles for each 
polarization, as shown in Fig. 2(a). Each set of parallel 
dipoles is printed on the opposite sides of a thin dielectric 
layer (hB = 0.127 mm of thickness) separated from a ground 
plane by a second dielectric layer of thickness hA. The 
novelty of this element is to provide 3 independent dipole 
lengths for each polarization in only two layers. To reduce 
the RF losses, a commercial low-loss material is used for the 
two dielectric layers, Diclad™ 880, with permittivity er = 
2.17 and loss tangent tana = 0.0009. Honeycomb can also be 
used instead as a separator to reduce the mass in space 
antennas. In accordance with the procedure described above, 
the following dimensions (see Fig. 2(a)) have been chosen: 
period P x = Py = 13 mm, separator thickness hA = 3.175 mm, 
equal separation between dipoles SB2= SA2= 2.1 mm, SB1 = 
SAi = 4.7 mm, dipole widths w = 0.5 mm, relative sizes of 
lateral dipoles lm = 0.6/B3, lB2 = 0.45/B3, /A1 = 0.61A3, /A2 = 
0.45/A3, /B3 = ¡A3 = I- For these geometrical parameters, the 
magnitude and phase of co-polar reflection coefficients at 
normal incidence in Tx (11.3 GHz and 12.6 GHz) and Rx 
(14.00 GHz) frequencies are shown in Fig. 2(b) and (c) as a 
function of the dipole lengths for X-polarization A similar 
response is obtained for Y-polarization In spite of the 
presence of 5 dipoles, the results do not show a significant 
improvement with respect to those obtained for three dipoles 
[21]. In fact, only two resonances and a range of phase-shift 
around 400° is obtained for the lower frequency. It has been 
checked that a larger phase range (two cycles of 360°), 
produced by the effect of three resonances, is required to 
design a reflectarray in Tx and Rx bands with low levels of 
cross-polarization One way to have more resonances in the 
cell is to combine the laterally-coupled parallel dipoles with 
dipoles in stacked configuration, as shown in the next sub-
sections. 
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Fig. 2. Reflectarray element based on five parallel dipoles for each polarization, 
(a) Exploded view, (b) Magnitude and (c) phase of co-polar reflection 
coefficients for X-polarization at normal incidence vs. the length of central 
dipole at different frequencies. 
B. Four-Layer Reflectarray Cell with Four Dipoles for Each 
Polarization. 
One solution to achieve a reflectarray cell with more 
resonances is to stack two layers of dielectric substrates with 
parallel dipoles printed on each side (four metallization 
levels). To provide three resonances, only one additional 
stacked dipole has to be added to the three symmetric parallel 
dipoles for each polarization, as shown in Fig. 3(a). The 
proposed cell consists of 4 dielectric layers (A, B, C and D) 
with printed dipoles. The phase-shift for Y-polarization is 
controlled at different frequencies by adjusting the lengths of 
the three dipoles printed on top of layer B and the one on top 
of layer C, see Fig. 3(a). In a similar way, the phase for X-
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Fig. 3. Reflectarray element based on four parallel dipoles for each 
polarization in four levels, (a) Exploded view, (b) Magnitude and (c) phase 
of co-polar reflection coefficients for X-polarization at normal incidence vs. 
the length of central dipole at different frequencies. 
polarization is controlled by the lengths of the four dipoles 
printed in the X-direction. The novelty of this element is that it 
combines lateral and stacked coupled dipoles to increase the 
phase range and number of resonances, while keeping an 
independent phase control for each polarization. 
To simplify the manufacturing process, the dipoles are 
printed on the opposite sides of the thin dielectric layers B and 
C (hB = he = 0.127 mm of thickness) separated by a thicker 
dielectric layer A and placed above a grounded dielectric D. 
The same Diclad material has been used with thickness hB= 
hc= 0.127 mm, hA= hD= 1.5 mm, but 2-mm honeycomb could 
be used in layers A and D for space antennas. After the 
adjustment of the dimensions, the following values have been 
chosen to provide a smooth phase response in Tx and Rx 
frequencies: period P x = Py = 13 mm, SB = SD = 4.5 mm, lB2= 
0.93/c, lm = 0.6/c, lA = 0.73/D2, /Di = 0.8/D2. The magnitude and 
phase at normal incidence in Tx and Rx frequencies as a 
function of the dipole lengths lc = lm = I for X-polarization are 
shown in Fig. 3(b) and (c), while a similar response is 
obtained for Y-polarization. The losses produced by the 
dielectric materials are directly the magnitude in dB of the 
reflection coefficient shown in Fig. 3(b) but with opposite 
sign. The losses are lower than 0.25dB, with an average value 
around 0.12dB. The main improvement of this element is that 
it provides a much larger phase range (more than two cycles of 
360°) and more degrees of freedom for the optimizations [29]. 
The amplitude and phase responses for co- and cross-polar 
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Fig. 4. Phase response vs. the sizes of dipoles for X-polarization (a) and Y-
polarization (b) at oblique incidence (6¡ = tfi, =30°) for the 4-layer reflectarray 
cell. Results are presented at 11.95 GFIz 
components have been studied for oblique incidence (#,- = $ = 
30°) in Tx and Rx frequency bands when the length of dipoles 
for both polarizations are varied. The phasing performance for 
both polarizations is shown in Fig. 4 at 11.95 GHz. These 
figures clearly show that the phase control is completely 
independent for both polarizations, even at oblique incidence, 
within a range of phase-shift larger than 800°. Note that 
independent phase control makes it possible a different beam 
forming in each polarization as demonstrated in [16] and [17], 
which cannot be achieved with other multiple ring elements as 
those reported in [9] and [13]. As an additional advantage of 
this element, the magnitude of the cross-polar components of 
the R matrix is very low for both polarizations and for 
practically all combinations of dipole lengths as shown in Fig. 
5. The cross-polarization only increases in the area close to the 
dimensions /D2 = 9.5 mm, lc = 12.0 mm, due to a spurious 
resonance. We have observed that this type of resonances also 
appear in other reflectarray elements, as in the case of three 
parallel dipoles and stacked patches [21], for a certain 
combination of dimensions and angle of incidence (out of the 
principal planes). For these combinations of dipole lengths 
and angle of incidence, which should be avoided in a practical 
design, some energy is transferred from co-polar to cross-polar 
components. In general, we have observed that these spurious 
resonances are reduced for a smaller period, e.g., when the 
period is reduced to 12 mm in this case. This reflectarray cell 
could be used to design reflectarray antennas with low cross-
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Fig. 5. Magnitude of cross-polar components vs. the sizes of dipoles for X-
polarization (a) and Y-polarization (b) at oblique incidence (d¡= tfi, =30°) for 
the 4-layer reflectarray cell. Results are presented at 11.95 GHz. 
polarization to operate in transmit (11.3-12.6 GHz) and 
receive (13.75-14.25GHz) frequencies for Ku-band space 
antennas. Even though this configuration requires two 
dielectric sheets with dipoles printed on both sides and two 
separator layers instead of the three array layers and three 
honeycomb separators used in previous demonstrators for 
space DBS antennas [16], [31], the four levels of 
metallization involved would still penalize the complexity and 
cost of manufacturing. 
C. Two-Layer Reflectarray Cell with Four Dipoles for Each 
Polarization. 
The number of array layers in Fig. 3(a) can be reduced from 
4 to 2 by shifting half-a-period the set of dipoles associated to 
one polarization, and by printing on the same surface three 
parallel dipoles for one polarization and one dipole for the 
orthogonal polarization. The resulting element, shown in Fig. 
6, consists of two sets of dipoles displaced one from each 
other. Each set consists of three coplanar parallel dipoles 
(b) 
Fig. 6. Reflectarray element made of four lateral and stacked dipoles for each 
polarization in two levels of metallization, (a) Exploded view of four 
periodic cells, (b) Top and side views of a phasing cell for X- and Y-
polarization. 
printed on a dielectric layer and a fourth parallel dipole, which 
is stacked with the central one and is printed on the opposite 
side of the same dielectric sheet (B). In the case of X-
polarization, the three horizontal parallel dipoles are printed 
on the top surface and the fourth dipole on the bottom surface, 
while the placement of the dipoles for Y-polarization is the 
other way round (see Fig. 6). The following parameters have 
been chosen to provide a smooth phase response in Tx and Rx 
frequencies: period P x = Py = 12 mm; dielectric layers 
parameters e^ = 2.55, tan^i = 0.0009, hA= 2.363 mm, e^ = 
2.17, tane>B = 0.0009, hB= 1.5 mm; equal separation between 
laterally coupled dipoles sB = sA = 3.5 mm; dipole width w = 
0.5 mm; and relative sizes of lateral dipoles lA\ = 0.58/A2, lBs = 
0.95/A2, /B2= 0.93/A3, lm = 0.63/A3. For this periodic cell, the 
magnitude and phase in Tx and Rx frequencies for X-
polarization are shown in Fig. 7 as a function of the dipole 
lengths /A3 = /A2 = I- i n this case the angle of incidence has 
been chosen as #,- = 16.9°, fa =0°, which corresponds to the 
incidence angle on the center of the reflectarray designed in 
the next section. For this angle of incidence, the amplitude and 
phase curves are very similar to those obtained for normal 
incidence, which are also included in Fig. 7. A linear phase 
response in a large phase range (larger than two cycles of 360° 
at 12.6 GHz) is achieved by adjusting the relative lengths of 
the dipoles. These results are similar to those shown in the 
previous subsection for an element with four array layers. The 
expected average losses are lower than O.ldB. As it happens 
with the element studied in the previous subsection, the phase 
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Fig. 7. Magnitude (a) and phase (b) of co-polar reflection coefficients for X-
polarization at both oblique incidence (0 = 16.9° t/)=0°) and normal incidence 
(9 = t/) =0°) vs. the length of central dipole for the 2-layer reflectarray 
element with 4+4 dipoles. Results are presented at different frequencies. 
control is completely independent for both polarizations 
within a phase range close to 700° as shown in Fig. 8, and the 
cross-polar amplitudes of the R matrix are very low for both 
polarizations ( < -10 dB for X-pol. and < -12dB for Y-pol.) as 
shown in Fig. 9. Note that the relative lengths of the dipoles in 
one polarization with respect to the other can be adjusted to 
reduce the cross-polarization, which can be implemented by 
adding a constant to the phase distribution in one polarization. 
In conclusion, the three reflectarray elements shown in this 
Z R xx ( d e 9-
n-
6 7 8 9 10 11 
'AS 
(a) 
ZR (deq.) 
I 
•100 
•200 
•300 
•400 
•500 
•600 
•700 
Fig. 8. Phase response vs. the sizes of dipoles for X-polarization (a) and Y-
polarization (b) at oblique incidence (6¡ = tfi, =30°) for the 2-layer reflectarray 
element with 4+4 dipoles. Results are presented at 11.95 GFIz. 
section exhibit a linear phase response and low losses 
(<0.2dB) for dual polarization, covering Tx and Rx 
frequencies in Ku-band. They also permit an independent 
phase control for each polarization. The reflectarray element 
presented in this subsection and the previous four-layer 
element both provide low cross-polarization and a linear phase 
response in a large phase range ( > 2x360°), which is not 
achievable with the element based on five parallel coplanar 
dipoles. These two elements present sufficient degrees of 
freedom (three independent dipole-lengths for each 
polarization) to be used in optimization procedures for the 
design of reflectarray antennas with low cross-polarization in 
transmit and receive frequencies for Ku-band. The main 
advantage of the latter reflectarray element with respect to the 
former is a reduction of mass and a simplification in 
manufacturing, since it only requires two layers with printed 
dipoles. 
Fig. 9. Magnitude of cross-polar components vs. the sizes of dipoles forX-
polarization (a) and Y-polarization (b) at oblique incidence (d¡= $ =30°) for 
the 2-layer reflectarray element with 4+4 dipoles. Results are presented at 
11.95 GHz. 
III. DESIGN OF REFLECTARRAY PROTOTYPE 
The two-layer reflectarray element characterized in 
subsection II.C has been used to design a 40-cm reflectarray 
antenna that produces a focused beam in the direction 6b= 
16.9° and <pb= 0° for the frequency bands 11.3-12.6GHz (Tx) 
and 13.75-14.25GHz (Rx) in both linear polarizations. The 
reflectarray can be designed for a higher scan angle, the 
maximum scan angle being limited by the appearance of 
grating lobes at the highest frequency, which is 48° for a 
period of 12 mm. The angle of the radiated beam and the 
incident angle from the feed to the reflectarray center are 
chosen identical to prevent beam squint [41] . This angle 
(16.9°) has been chosen small to minimize the cross-
polarization produced by the printed dipoles, and large enough 
to ensure no blockage from the feed. 
The reflectarray is circular with the elements arranged in a 
33x33 grid for X-polarization and in a 32x32 grid for Y-
polarization. This is because some phasing cells for Y-
polarization on the edge have been eliminated to maintain the 
antenna symmetric with respect to the coordinate plane XRZR. 
The reflectarray is illuminated by a corrugated circular feed-
horn with its phase center located at coordinates XR = -193 
mm, YR = 0 mm and ZR = 635 mm with respect to the center 
of the reflectarray. The radiation pattern of the corrugated 
horn has been modeled by the conventional cosq(8) where 'q' 
varies with frequency. The feed illuminates the edges of the 
reflectarray with a taper of -lOdB for Tx-band and -13dB for 
Rx-band. 
The phase-shift distribution required to focus the beam in 
one polarization has been shifted by 180° with respect to the 
phase in the orthogonal polarization. This ensures that the 
dipoles controlling the X-polarization have dimensions that 
are different from those of the dipoles for the Y-polarization, 
which allows more room for the orthogonal dipoles printed on 
the same layer. In a first step, the reflectarray has been 
designed at a single frequency (11.95 GHz) by keeping the 
relative lengths of dipoles defined in previous section, and by 
adjusting the lengths of each set of parallel dipoles to match 
the phase distribution required in each polarization. The 
lengths of the dipoles are found by a zero finding routine that 
iteratively calls the MoM-SD analysis tool. In this process, 
local periodicity is assumed and the angle of incidence in each 
element of the reflectarray is taken into account. In a second 
step, the three independent dimensions of the dipoles for each 
polarization (/A3, lm and /B2 for the X-polarization, and /B3, /Ai 
and lA2 for the Y-polarization) are optimized in each element 
to simultaneously match the required phases at central and 
extreme frequencies in Tx (11.3-12.6 GHz) and Rx (13.75-
14.25 GHz), following a procedure parallel to that in [29] and 
[31]. Since the phasing performance is practically uncoupled 
in the two polarizations as shown in previous section, the 
optimization is independently run for each polarization. 
Once the optimization is completed and all the dipole 
lengths are defined, the radiation patterns are computed from 
the tangential electric and magnetic fields reflected at each 
reflectarray element according to the First Principle of 
11.30GHz X-pol 
11.95GHz X-pol 
— 12.60GHz X-pol 
-10 0 10 
Azimuth angle (deg) 
(a) 
13.75GHz X-pol 
14.00GHz X-pol 
'—14.25GHz X-pol 
-10 0 10 
Azimuth angle (deg) 
(b) 
Fig. 10. Simulated radiation patterns in azimuth plane for X-polarization at 
Tx (a) and Rx (b) frequencies. 
Equivalence in electromagnetics [42]. The field components 
are computed by using the home-made MoM-SD tool under 
local periodicity assumption. The antenna gain is computed by 
taking into account the power radiated by the corrugated horn 
and the radiation patterns are computed with respect to the 
isotropic antenna (in dBi). Fig. 10 shows the simulated 
radiation patterns for X-polarization at Tx and Rx frequencies 
in the azimuth plane (forming an angle 6b= 16.9° with ZR axis 
and perpendicular to XRZR plane). These patterns show low 
side lobes (23 dB below the maximum of co-polar radiation) 
and low cross polarization (33 dB below the maximum of the 
co-polar beam) for all the frequencies in Tx and Rx. Similar 
radiation patterns are also obtained for Y-polarization. The 
radiation pattern in elevation plane (XRZR in Fig. 1) also 
shows low levels of side lobes and cross-polarization below -
13dBi because of the antenna symmetry. 
This antenna is a limited-size demonstrator to evaluate the 
bandwidth and cross-polarization performance for potential 
applications in Ku-band spaceborne antennas, but the same 
antenna configuration can be used for the Earth stations or 
end-user terminals in Ku-band. In this case, Tx and Rx 
frequencies will be exchanged with respect to the definitions 
given in this paper. 
IV. MANUFACTURE AND TEST OF REFLECTARRAY 
PROTOTYPE 
The designed antenna prototype has been manufactured and 
tested. The two Diclad substrates, one with printed dipoles on 
both sides and the other backed by the ground plane, have 
been bonded by using two layers of thermoplastic bonding 
film (CuClad6250). Both substrates have been extended on the 
edges to have a frame without dipoles used to fix the antenna 
to an aluminum plate with nylon screws. The shape of the 
manufactured reflectarray panel results from the intersection 
of a circle of diameter 454 mm and a square of side 430 mm, 
as can be seen in Figs. 1 and 11. A supporting structure made 
of aluminum cross-section profiles has been manufactured to 
fix the feed and reflectarray in the correct position. 
The breadboard has been measured in a spherical near field 
antenna range in an anechoic chamber at the University of 
Seville. Figure 11 shows a picture of the reflectarray 
breadboard in the anechoic chamber. The measurements have 
been carried out for both polarizations (X and Y) in the 
angular range (-90° < 6 < 90°, -90° < cp < 90°). The 
numerical and experimental results obtained for the 3D co-
polar and cross-polar components of the radiated field at 11.95 
Fig. 11. Reflectarray prototype in the anechoic chamber. 
(c) (d) 
Fig. 12. 3D co-polar (a, c) and cross-polar (b, d) radiation patterns at 11.95 
GHz for Y-polarization obtained from measurements (a, b) and simulations 
(c, d). 
GHz are shown in Fig. 12 for Y-polarization. This figure 
shows a qualitative good agreement in both co- and cross-
polar components in practically the whole visible range. The 
measured patterns show a very slight discontinuity at u=0 
(cp = 90°), because the measurements are not identical at the 
planes cp = 90° and cp = -90° (edges of the measured 
angular range), but the differences are within the measurement 
tolerances. Similar patterns (not shown here) are obtained for 
the two polarizations at the other frequencies for Tx and Rx. 
The cross-polar patterns are obtained according to Ludwig's 
third definition [43]. A quantitative comparison is made by 
comparing measured and simulated radiation patterns in the 
principal planes for different frequencies, as shown in the 
following figures. Figs. 13 and 14 show the radiation patterns 
for both polarizations at 11.3 GHz, which is the lowest 
Fig: 13. Measured and simulated co- and cross-polar radiation patterns at 11.3 
GHz in azimuth (a) and elevation (b) planes for Y-polarization. 
frequency used in the optimizations, while Fig. 15 shows the 
patterns for Y-polarization at 14.25 GHz (highest frequency in 
the optimizations). In all the cases, we can observe a very 
good agreement between simulations and measurements, in 
both co-polar and cross-polar patterns. The slight 
discrepancies in the region of side lobes and in the cross-
polarization are attributed to small errors in the simulations, 
manufacturing and measurements. In this work, the feed has 
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(b) 
Fig. 14. Measured and simulated co- and cross-polar radiation patterns at 
11.3 GHz in azimuth (a) and elevation (b) planes for X-polarization. 
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Fig. 15. Measured and simulated co- and cross-polar radiation patterns at 
14.25 GHz in azimuth (a) and elevation (b) planes for Y-polarization. 
been modeled as an ideal cosq function, but the model can be 
improved by using the near field of the feed [44]. The frame of 
the reflectarray panel has only been approximately modeled in 
the simulations by adding 3 rows and 3 columns in the 
reflectarray edge with a uniform phase-shift. 
Note that the azimuth patterns should be symmetric and the 
cross-polarization in the elevation plane (XRZR) should be 
cancelled because the printed dipoles are symmetric respect to 
the XRZR plane. In reality, simulated patterns are symmetric 
for the co-polar component, but show a slight asymmetry for 
the cross-polar component. This asymmetry is produced 
because whereas the cross-polarization of each element is 
computed by assuming local periodicity, the phasing cells are 
not symmetric since the dipoles for Y-polarization are shifted 
by half a period with respect to the dipoles for X-polarization, 
as shown in Fig. 6(b). This asymmetry of the phasing cell 
introduced in the numerical simulations produces small 
asymmetries of the cross-polarization in the azimuth plane and 
the non-vanishing cross polarization in the elevation plane that 
appear in the simulated results of Figs. 13 to 15. Additional 
asymmetries are produced in the prototype during 
manufacturing and assembling processes, which justifies the 
small discrepancies between simulated and measured patterns. 
Although the antenna has been optimized to maximize the 
gain at 6 frequencies (3 in Tx band and 3 in Rx band), the 
antenna gain remains stable in the whole range of frequencies 
from 11.0 GHz to 14.5 GHz, as shown in Fig. 16. According 
to these results, the antenna exhibits a 27% bandwidth for 2dB 
gain variations in both polarizations. The antenna efficiency is 
obtained as the ratio between measured gain (in natural units) 
and the maximum directivity ( D = An AI (A2)), A being the 
area of the reflectarray. The resulting antenna efficiency varies 
from 52% (at 14.25GHz) to 77% (at 11.95GHz) in the whole 
range of frequencies from 11.00 GHz to 14.25 GHz (when 
computing this efficiency values, the antenna surface covered 
by dipoles has been assumed to be a circle of diameter 40 cm). 
The maximum level of measured cross-polarization, also 
shown in Fig. 16, is at least 28dB below the co-polar gain in 
both polarizations. 
To compare the capabilities between the reflectarray 
proposed here and a reflectarray based on elements with three 
stacked patches, we have optimized a reflectarray antenna 
made of the cells proposed in [29] with the same dimensions 
and in the same frequency bands. The simulations of gain and 
—X-pol simulated 
—Y-pol simulated 
"X"X-pol measured 
—(—Y-pol measured 
-0-X-pol stacked patches 
-•-Y-pol stacked patches 
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Cross-pol 
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Frequency (GHz) 
Fig. 16. Antenna gain (dBi) and maximum of cross-polar radiation (dBi) as a 
function of frequency for the two polarizations. Simulation results for an 
optimized reflectarray made of cells with 3 stacked patches [29] have also 
been plotted as a reference. 
maximum of cross-polarization, also included in Fig. 16, show 
similar values of gain and bandwidth but higher levels of 
cross-polarization at higher frequencies. 
In summary, the results presented in this section 
demonstrate that the proposed antenna provides high antenna 
performance in terms of bandwidth, efficiency and low cross-
polarization. 
V. DESIGN OF REFLECTARRAY FOR SOUTH AMERICA 
COVERAGE 
To demonstrate the potential capabilities of the proposed 
reflectarray element for satellite antennas in Ku-band, a 
preliminary design has been carried out for a 1.2-m 
reflectarray antenna to provide the South American coverage 
defined in [31] at 11.95 GHz. The coverage requirements are 
shown in Fig. 17 and Table I. In this case, the antenna is 
positioned in the satellite with YR axis pointing towards East 
(E), so that X-polarization is vertical (V) and Y-polarization is 
Horizontal (H). The feed-horn and antenna configuration are 
the same as those reported in [31]. However, the new periodic 
cell described in previous section (with four dipoles for each 
polarization in only two layers and a period of 12mmxl2mm) 
is used instead of 3 stacked patches. The reflectarray is 
elliptical with the elements arranged in 104 rows in XR axis 
and 99 columns in YR axis for X-polarization, while the 
number of rows and columns for the phase-shifter cells in Y-
polarization are reduced to 103x98. 
The phase distribution required to accomplish the stringent 
coverage requirements of Table I was obtained for each 
polarization in [31] by a phase-only pattern synthesis [45]-
[46], assuming a reflectarray made of 6944 periodic cells of 
13mmxl3mm arranged in 96 rows and 92 columns. Since the 
period for the new reflectarray element is 12mm x 12 mm, the 
TABLE I 
GAIN AND CROSS-POL. REQUIREMENTS 
FOR V- AND H-POLARIZATIONS 
Zone Gain (dBi) XPD (dB) 
SAI 
SA2 
SB 
SCI 
SC2 
SD 
28.82 
28.81 
25.81 
22.81 
20.66 
19.81 
31.00 
31.00 
30.00 
29.00 
27.00 
27.00 
ÍL l**¿bi-L— 
ff] S A 1 r / j f ^ 
\ \ jfpi\ 
^ ^ ¿ 3 3 i c -
^ s S s i ^ 
( j f l 
ii 
SD 
WV, 
SOLÍ. 
Qrpw/_j 
UJíÚ 
_ ^ 
X 
phase distribution has to be interpolated to the new grid. 
However, the interpolation in the phase-shift produces some 
problems because of the steps in 360°. For this reason, an 
alternative procedure has been used, which consists of the 
following steps: 
1) The radiation patterns are computed by applying the 
Inverse Discrete Fourier Transform (IDFT) to the field 
synthesized on the reflectarray surface with period 13-mm x 
13-mm. It has been checked that the patterns are compliant 
with the specified requirements. 
2) The complex radiation patterns (magnitude and phase) 
are used to compute the complex tangential electric field 
(magnitude and phase) on the reflectarray surface for the new 
grid with period 12-mm x 12-mm by applying DFT. It has 
been checked that the magnitude of the electric field on the 
reflectarray is only slightly different (less than 1 dB in 90% of 
the reflectarray elements) from the magnitude of the incident 
field imposed by the feed-horn. This fact justifies the use of 
the magnitude of the incident field. 
3) The required phase distribution for each polarization is 
obtained by subtracting the phase of the incident electric field 
from the phase of the electric field on each reflectarray cell for 
the 12-mm period, computed in previous step. The phase shift 
distribution obtained for V-polarization is shown in Fig. 18. A 
similar phase distribution has been obtained for H-polarization 
but shifted around 180° with respect to V-polarization. This 
phase difference between the two orthogonal polarizations 
ensures that the lengths of the dipoles controlling the V-
polarization are different as compared to those for H-
polarization, and provides more room for the orthogonal 
dipoles printed on the same layer. 
Once the phase distributions on the reflectarray are obtained 
at 11.95 GHz, the dipole lengths are adjusted at each element 
to match the required phase-shift in both polarizations, by 
calling the analysis routine as described in previous section. 
The computed co-polar radiation patterns are represented in 
the reflectarray coordinate system (with the YR pointing East), 
so that the u (u = sin & cos cp) coordinate is vertical, while v 
(v = sin# smcp) is horizontal, as shown in Fig. 19. The co-
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Fig. 17. South American coverage from Amazonas satellite. 
Fig. 18. Required phase shift obtained to generate the South American 
coverage at 11.95GHz for X-polarization. 
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Fig. 19. Co-polar radiation pattern at 11.95 GHz for H-polarization (a) and 
V-Polarization (b). 
polar radiation pattern fulfills the nominal requirement given 
in Table I for both polarizations at 11.95 GHz. The cross-polar 
discrimination is represented in Fig. 20. The XPD 
requirements for V-polarization are fulfilled with a maximum 
of 60dB and minimum of 27dB in the SD region. The XPD for 
H-polarization almost fulfills the requirements with a 
maximum of 56dB and a minimum of 25dB in the SD region, 
where the requirement is 27dB. 
The results from this preliminary design are highly 
encouraging, although intensive optimizations have to be 
made for the detailed design in order to ensure the coverage 
requirements at several frequencies in Tx and Rx bands, and to 
improve the performance in cross-polarization and co-polar 
isolation. 
VI. CONCLUSION 
A broadband dual-polarization reflectarray antenna with 
improved cross-polarization properties has been proposed in 
this paper. The reflectarray element provides three degrees of 
freedom for each polarization, three dipole lengths that can be 
properly optimized to design spaceborne antennas in Ku-band 
with low cross-polarization for transmit and receive operation. 
The flexibility provided by the independent adjustment of the 
phase for each polarization makes this reflectarray element 
-0.05 0 0.05 0.1 
-V 
(b) 
Fig. 20. Cross-polar discrimination of the radiation pattern at 11.95 GFIz for 
H-polarization (a) and V-Polarization (b). 
suitable for the generation of different beams in each 
polarization, as required in some specific applications. 
A 40-cm reflectarray prototype has been optimized to 
produce a focused beam in a range of frequencies that covers 
Tx and Rx bands in Ku-band for Fixed Services Satellites. The 
prototype has been manufactured and tested. The experimental 
results show a 27% bandwidth for 2dB gain variations, side-
lobe levels 20dB below the maximum of radiation, and cross-
polar radiation at least 28dB below the copolar maximum. 
A preliminary design of a 1.2-m antenna for South 
American coverage has been presented. The simulation results 
show that the coverage and XPD requirements are practically 
fulfilled at 11.95 GHz, although an additional effort has to be 
made to design an antenna fully compliant with the 
requirements in the Tx and Rx bands. 
The results presented in this paper for both the 40-cm 
prototype and the 1.2-m contoured beam antenna show that 
the proposed reflectarray element can be suitable to design 
spaceborne antennas in Ku-band that operate in dual-
polarization and transmit-receive frequencies. 
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